Adult male Sprague-Dawley rats were implanted with electrodes aimed at the medial forebrain bundle. The electrodes were connected to brushings which permitted chronic electrical self-stimulation. Over time, the rats developed episodic response patterns (response bursts). Bursting for self-stimulation was demonstrated mathematically, and analyzed to establish contributions of drivelike and incentive-like processes to burst parameters. An incentive-priming model appeared to operate under steady state conditions but a drive-like process was detected when the steady state was perturbed. Thus, self-stimulation is not uniquely determined in accord with either a drive or an incentive model of motivation, but the precise contributions of each may be empirically tested and dissociated.
dimensions--bursts have a distinct length, size (total number of responses), and are preceded and followed by temporally defined periods of nonresponse. At least two models of motivation may be used to describe burst-interburst relationships (i.e., drive, incentive; see below). This paper will examine self-stimulation bursting for its empirical fit to each of these two theoretical models.
Burst-interburst relationships may be organized either according to a drive-satiety principle or according to an incentive-priming principle. These two views of reinforcement have long been present in learning theory (e.g., Tolman, 1932; Hull, 1943) and their meaning in the present paper is fundamentally similar to previous formulations. Briefly a drive model of reward may be conceptualized as a homeostatic system. An internal state (or states) cumulates monotonically with time, and is discharged by self-stimulation, through the drive-reducing properties of the latter. The incentive model on the other hand is nonhomeostatic. It assumes rather that the stimulus properties of stimulation are positively reinforcing. In this last case, however, no need is satisfied. These two models make a number of unique predictions regarding the temporal characteristics of bursts. On the one hand if behavior is organized by a drive-satiety principle, then extended periods of nonresponse should allow a large accumulation of drive motivation, and this should cause an extended burst. Conversely, shorter preburst intervals should be followed by relatively weaker drives and smaller bursts. Positive correlations should therefore exist for preburst intervals and burst parameters such as length (time), or size (number of responses), provided that a drive-like process contributes to reinforcement. By similar logic, it follows that longer bursts should engender greater satiety (postburst intervals without responses) while shorter bursts should produce less satiety, and shorter postburst pausing. Significant positive correlations are therefore also predicted between burst parameters such as length and size, and postburst interval. A number of motivated states appear to be organized according to a drive-satiety model (drinking, Premack & Kintsch, 1970 : social behaviors, Latane et al., 1970 Latane et al., , 1972  and feeding under certain specialized conditions, Balagura & Coscina, 1968; Thomas & Mayer, 196S; Snowden, 1969 : Duncan et al., 1970 LeMagnen et al., 1973) . Drive-like processes have been proposed for self-stimulation (Deutsch & Howarth, 1963; Gallistel, 1973 : Crow, 1973 Stein, 1978) .
Drive-satiety models are far from universal, however, and many other behaviors appear to be normally organized according to principles of incentive and priming. The incentive view of reward suggests that a stimulation-seeking mechanism normally operates at some constant probability. At various times, defined by the immediate local probability of incentive seeking, the reward mechanism exceeds a threshold value necessary for response initiation. While an incentive view does not ex-plain the temporal structure of responding (bursting) and, in fact, suggests a random organization of response reflecting the probabilistic nature of incentive seeking, bursting is predicted when it is supplemented with a priming principle. The priming mechanism is postulated to operate to lower the threshold for response initiation (e.g., Edmonds et al., 1974) and make responding more likely. Clearly, if an animal responds and the response both produces reward and also primes the animal, a single response increases the likelihood of additional responding within the interval of the priming stimulus' effectiveness. If priming can further cumulate the likelihood of continued responding after an initial and randomly initiated response is further enhanced. It should be clear that since responding is randomly initiated correlations between bursts and interburst intervals are predicted to be low or absent. Many behaviors appear to utilize incentive-priming principles (e.g., feeding, under a number of conditions, Hirsch, 1973; Levitsky, 1974; Panksepp & Ritter, 1975 ; 1 filial behavior, Hoffman & Kozma, 1966; DePaulo, 1975) . A number of incentive models of self-stimulation have also been proposed (Stein, 1968 (Stein, , 1978 Trowill et al., 1969; Crow, 1973; Gallistel, 1973) .
The present two models of reward are therefore distinguished by different predictions concerning burst-interburst correlations. They are also distinguished by an additional prediction concerning the sequential dependency of bursting. A drive-satiety model predicts that the longer a burst continues, the more satiated an animal becomes, and the less likely it is that the burst will continue. The probability of a burst continuing should therefore decrease as a burst progresses. The priming model predicts the opposite; responding should produce priming which should increase the probability of additional responding. As priming effects cumulate, a high constant asymptotic probability of response should occur (both models predict burst termination due to a finite probability of response which is less than one).
The purpose of the present investigation is threefold; these purposes are: (a) to establish (under steady state conditions) the existence of bursting in self stimulation in a mathematically rigorous manner, (b) to examine the relations between empirical burst-interburst correlations and sequential dependencies on the one hand, and theoretical predictions of drive and incentive models on the other, and (c) to reexamine selected burst parameters and burst-interburst relationships after the systematic perturbation of a motivational steady state through imposed abstinence from normally available stimulation.
J The difference in appetitive behavior which determine relative consonance with drive or incentive factors include food type, ecological niche of the species under study, and imposed motivational constraints; the interested reader is referred to Levitsky, 1974 and Panksepp and Ritter, 1975 , for more detailed discussion of these determinants.
MATERIALS AND METHODS

General Methods
Subjects. Adult male Sprague-Dawley rats (n = 10; 350-575 g per subject; Charles River Farms, Portage, Mich.) were individually maintained with ad libitum food (Teklad 4.0% fat diet, S-0836, Teklad, Madison, Wis.) and tap water, and normal day/night cycles of 12 hr (lights on 8:00-20:00 hr EST). The home cages were modified to allow chronic self-stimulation access.
Apparatus. The home cages utilized the design of Wolf et al., for ICS (Wolfet al., 1973; Katz et al., 1979) . Standard 25 x 18 x 17-cm stainlesssteel cages were modified to house a 14 x 16-cm plate located 14 cm from the cage floor. The floor served as a stimulation ground. Upward displacement of the overhead panel allowed circuit completion and stimulation delivery through a head-mounted brushing. The design allowed continuous access to the stimulation contingency, and self-stimulation without external leads through the combined contact plate/manipulandum. Stimulation consisted of a 0.3-sec train of 60 Hz sinusoidal current, 50-300/zA in intensity. A series of capacitors and resistances were used to assure constant current conditions.
Surgery. Subjects were anesthetized with sodium pentobarbital (intraperitoneal Nembutal 50 mg/kg) and stereotaxically implanted with unipolar 0.025-cm diameter nichrome wire electrodes insulated to the tip.
Electrodes were aimed at the medial forebrain bundle (coordinates from bregma = -5.0, 1.0, -8.0) and were attached to a head-mounted brass brushing which was secured to the skull with stainless-steel screws and acrylic dental cement. Additional details of surgery and electrode and brushing construction may be found in Wolf et al., 1973. Experimental procedure. A minimum of 7 days after surgery, subjects were put into the stimulation cages with current on (50-100/~A). Standard shaping procedures were used to train a rearing response that brought about plate-brush contact. Over the next week, current was adjusted to maintain high stable response rates (final rates after 1 week: 3000-10,000 R/24 hr). Visual inspection of response records indicated that bursting patterns began for all subjects between Days 4 and 7, and that bursting was generally accompanied by a decrease in daily response rate. During the following ]4 days of responding, bursting and daily rate stabilized.
Records for the initial analysis of bursting were made between Days 22 and 27 of the experimental session. Data were collected for 12 hr (20:00-8:00, i.e., normal dark cycle) at 30-sec intervals. A burst was defined as an interval with one or more responses/30 sec. Consecutive intervals with 1 or more responses/30 sec were scored as a single burst, the length of which was equal to total time/30 sec (i.e., the number of 30-sec intervals). One or more consecutive periods without responding was considered an R.J. KATZ interburst interval. Between Days 28 and 44, subjects were deprived of stimulation access for 1, 2, or 3 days, to allow the manipulation of drive. Deprivation sessions involved removing subjects from stimulation cages and placing them in identical cages lacking stimulation plates. Sessions were administered to subjects in counterbalanced order, and a minimum of 3 days was allowed between sessions. For all subjects the dark period immediately following 72-hr deprivation was recorded, as above, and analyzed for changes in response pattern with respect to ad libitum conditions. Animals were then sacrificed with an overdose of Nembutal and perfused initially with 0.9% sodium chloride and then with Formolsaline-acetate solution (Luna, 1960) . Brains were removed, blocked, sectioned, and stained with cresyl violet using standard histological procedures (Luna, 1960) . A composite histology is included as Fig. 1 .
Statistical procedure. Bursting tendency was evaluated through firstorder conditional probabilities of responding using the binomial probability expansion. Bursting was considered statistically robust for a session if the conditional probability of an interval containing a response, given one or more responses in the preceding interval, was significantly greater than the conditional probability of response when the previous 30 sec contained no response. This method is based upon the method of Hoffman and Kozma (1966) . Bivariate correlation procedures, analysis of variance, and t tests were used for additional demonstrations of burst parameters and relationships. All results, unless otherwise indicated, are presented as mean _ standard error. Finally, it should be noted that at various points in the paper, individual rather than group data are analyzed. While a number of philosophic and practical reasons may be invoked for the presentation
Composite histology of self-stimulation sites based upon the atlas of Konig and Klippel (1967) . of individual data (Sidman, 1960) , the major impetus for selective analysis of individual performances in the present case rests with a number of practical concerns summarized in Panksepp, (1973) , and Hirsch and Collier (1974) . The group analysis of feeding bursts has previously been shown to systematically bias and artificially inflate a number of burstassociated relationships.
Demonstration of Bursting
To further illustrate the main features of bursting under steady state and 72-hr deprived conditions Fig. 2 presents some typical response records. In all cases the records presented were begun with the first burst of the session and continue for 100 subsequent 30-sec intervals. Some main features of interest include the normal bursting patterns (IA; IIA) and their apparently random relation to interburst intervals. Also it may be seen that deprivation produced an increase in responding (IB; IIB). This represented a disruption of normally discrete bursting. These relationships and related findings are discussed quantitatively below.
Section 1. Previous reports have suggested bursting in chronic ICS based upon informal visual inspection of response records. As a first step in the present analysis response patterns were analyzed mathematically for bursting. Differential conditional probabilities were computed and analyzed as described. The basic parameters of bursting and conditional probabilities are presented in Table 1 . It may be seen that under ad libitum conditions, subjects show reliable bursting, with a median 50 bursts per session (range 41-69), a median burst length of 3.7 intervals (range 2.8-
, 00J
A 5 rain.' 6.5), and a median size of 106 (range 85-348). The robustness of bursting is obvious from an examination of the final columns of Table 1 . In each case the likelihood of an interval with a response occurring is higher when it is preceded by a previous response-containing interval than when it is not so preceded (p < .001 by binomial expansion; n = 10, number of subjects).
It might be argued that a variety of systematic experimental effects might yield burst-like behavior without the actual presence of discrete bursting patterns. For example if subjects showed warm-up effects or habituation over the session then responses would cluster in early or late parts of the session, and yield sequential patterns similar to bursting. Table 2 examines sequential dependencies for the initial and final 2 hr of the session for all subjects. No systematic changes are observed. Visual inspection of the data provided further evidence of an approximately equal distribution of bursts across the session. Warm-up or habituation effects therefore cannot account for the present results.
Analysis of Burst-Interburst Dependencies
Since robust bursting was established, the relationships of bursts and interburst intervals were investigated. Bivariate correlations were performed on individual subjects to explore systematic relationships between (a) preburst length and burst length, (b) preburst length and burst size, (c) burst length and postburst length, and (d) burst size and postburst length. Correlation scores indicate no systematically significant relationships across burst conditions; these data are included as Table 3 . One additional Burst length = number of 30-sec intervals, i.e., a score of 1 = 30 sec. Probability of bursting is mathematically significant via binomial expansion; p <.01. 
Additional Analysis of Sequential Dependency-Burst Length
To further test the nature of sequential dependency in ICS bursting, data from 20 bursts chosen at random from each subject were pooled across subjects. Analysis of bursting persistence was carried out by dividing all bursts of size n + 1 or greater by all bursts of size n or greater. This may be taken as a ratio of responses per opportunity to respond.
Clearly the higher the value of (n + 1)/n the more likely it is that responses continue over time. It is evident in Fig. 3 that as burst size increases, the probability of continuing a given burst rises.
Discussion of Steady State Behavior
Under steady state conditions bursting appears to reflect incentive motivational factors. Moreover, analysis of sequential dependencies of responding indicates that exposure to stimulation increases response probability. These findings offer novel verification of some postulated ICS mechanisms. It might be questioned whether the present results may be generalized to conditions where drive is increased above steady state levels. I have previously reported a means of inducing self-stimulation drive (Katz et al., 1979) to further examine the issue of drive in ICS; section two examines responding after deprivation.
Behavior after Imposed Deprivation
Section 2. Previous reports from this laboratory indicate that rats tend to seek intracranial stimulation in a manner consonant with drive-satiety principles after systematic perturbations. Subjects maintain a fairly constant day-to-day rate of stimulation, and when they are denied stimulation access, they tend to compensate upon their next exposure by selfstimulating more (Katz et al., 1978) . To investigate the nature of the stimulation-seeking drive, subjects were deprived of stimulation for varying periods of time (1, 2, 3 days). In addition to demonstrating a systematic compensatory change in ICS through daily records, the behavior of all subjects after 3 days of deprivation was analyzed for changes in the temporal structure of stimulation seeking. The 3-day session was utilized because the most reliable augmentation of rate has previously been obtained using this period (Katz et al., 1979) . 
Effects of Deprivation upon Burst Parameters
Burst parameters of deprived subjects are presented in Table 4 . All subjects showed consistently altered response patterns consisting of increased burst length and size, and decreased burst number. Withinsubject changes were not significant due to large standard errors. When examined as a group, however, increases in burst length and decreases in burst number proved to be significant (t tests for related measures (9) = 3.9, 3.5, respectively; p < .05). Changes in conditional probabilities were also significantly altered by deprivation (t (9) = 2.6, 4.3, respectively; p < .05). Analysis of correlations between preburst interval on the one hand, and burst length and size on the other ranged from -.16 to +.20; no correlations were significant (data not presented separately). Analysis of correlations between burst size and length, and postburst length indicated only one rat (No. 3) showed a significant correlation (r = .33 for burst size and postburst pausing; p < .05 by Fisher's transformation). Remaining burst-postburst correlations ranged from -.20 to +.19 (data not presented separately). Finally, Table 5 presents the mechanism of the observed changes in burst parameters. For all subjects, return to cages after deprivation caused an initial extended burst. This burst, which was significantly longer than any steady state burst (t = 6.2, p < .01), began within the first 60 min of reintroduction and was superseded by bursting patterns no different than those found under steady state conditions.
GENERAL DISCUSSION
Many behaviors appear to achieve a steady state organization of bursting (see above), and self-stimulation is one such behavior. The present paper analyzed self stimulation bursting for its motivational significance, and it was apparent that (a) bursting was a robust and statistically meaningful phenomenon, (b) bursting parameters did not reflect drive, at least under steady state conditions, and (c) despite this, at least some aspects of self-stimulation bursting proved to be drive-responsive. Many theoretical analyses of brain-stimulated reward have made use of the concepts of drive and incentive (e.g., Olds, 1962; Trowill et al., 1969; Crow, 1973; Rolls, 1975; Stein, 1968 Stein, , 1978 . The present results suggest the utility of an incentive-priming interpretation for MFB self-stimulation under steady state conditions. It is possible that other sites or other reward paradigms might be more consonant with drive principles, and certainly it must be emphasized that drive does influence self-stimulation when imposed as a perturbation of steady state activity. Nonetheless, the incentive-priming model of reward appears to gain empirical support from a bursting analysis.
Two additional points might be made concerning the present results, and both concern the normal absence of a drive-like process. It is perhaps not surprising that drive is not a major contributing factor to selfstimulation patterns when drive is at a normally low level. The first experiment, by allowing ad libitum access to stimulation, may have minimized drive-like factors. Perhaps one reason, normal steady state performance reflects incentive-priming to the degree it does rests with testing conditions that might favor low-drive-high-incentive response patterns. On the other hand, however, when animals were deprived of stimulation, they showed an initial response that reflected stimulation loss, but no significant correlations over a standard testing session. When drive was imposed, therefore, it produced a transient effect that was rapidly superseded by a return to incentive-mediated performance. It must be kept in mind that the bulk of self-stimulation studies are carried out with limited access to stimulation. Such conditions might conceivably increase the contribution of drive.
We feel the present results reflect the following model of selfstimulation. An incentive mechanism controls the normal seeking of reinforcement. In addition a priming mechanism controls local patterning, once reinforcement has been sought. Finally an additional mechanism acting over extended periods of time controls an overall level of incentive seeking. This long-term mechanism has at least some drive-like properties. To respond to the initially posed question concerning the normal motivational control of brain-stimulated reinforcement, then, it appears that several mechanisms must be considered. The motivational control of ICS is in part a function of the parameters of a testing situation.
It might be asked in conclusion whether the present results are in fact analogous to biological rewards since the latter are known to produce peripheral satiety signals (e.g., thirst, Fitzsimmons, 1972; hunger, LeMagnen et al. 1971) while there is no reason to assume such for central reward. Self-stimulation may lack the peripheral concomitants of other biological rewards that normally might serve to regulate burst size, frequency, or burst-interburst relations. This is possible and may represent a difference between predominantly central reward on the one hand, and other biological motivations on the other. It should be noted, however, that analyses similar to the present, using food motivation, have not necessarily found expected drive-like correlations (e.g., Panksepp and Ritter, 1975; Hirsch, 1973) . Therefore, an absence of peripheral humoral controls is not necessarily a determinant of the present low levels of correlation or patterns of sequential dependency.
In conclusion, it might be noted that the present results bear a remarkable similarity to the findings of Collier and colleagues (e.g., Collier et al., 1972; Levitsky, 1974) . We have previously commented upon the similarity of feeding and self-stimulation mechanisms. Our present results confirm and extend previous observations.
